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CUAPTER I
INTRODUCTION

Turbulent friction reduction, causcd by the addition of low con-
centrations of certain high molecular welght polymers to a fluid like

watex, is still unexplained, although there is agreement that alteration

of the region very near the wall, the viscous sublayer, plays a majoxr
role in the drag-reduction phenomenon. Barxker (1973), for example, with
neasurements on a free turbulent jet, suppo;ted the hypotnesis that the
polymer induced drag reduction is not relalted to any effectu on the ifree
jet but rather it is related to some effect very near the boundaxy layexr
wall.
Yor lack of sufficicat theoretical cxplanation of the basic mech-~
anismn of the turbulent structure in drag reducing flows, mqst of the stu-~
dies in this area have had to rely heavily on experimentai work. These
experiments have been performed with one of the following approaches:
1) pressure drop versus flow rate or gross flow studies; 2} mean velo-
city profile measurements; and 3) turbulence intensity maasurcmahts.
From *hese studies, many proposals an& theories about thoe structure of
the flows have been presented. A'review.of these ﬁgdels is presented by

Kumor and Sylvester (1973).

iy

So-called displacement modecls, in which the law of the wall is

e

displaced upwards, but parallel to, the Newtonian curve for increasing

EE o

percentages of drag reduction have been proposed by several authors. of

particular interest are the two and three-lajer models employed to




TS T DU THMIELLLTY £ o P~ PR

JRNE 1

describe the flow structure.

A two-layer madel was proposed by Seyer and Metznexr (L969). It
consists of a turbulent core region and a viscous sublayer cx#cndcd to
its intersecction with the law-of-the-wall resulting, therefore, in @
thickened viscous sublayer relative to the Newbtonian fluid case. Virk
et al. (1970), among others, proposed a three-layer model. His modol
was comprised of a viscous sublayer, an eclastic sublaycr and a turbulent
region similar to the two-laver model. This model describes the wrezan
flow structure at low drag reduction and vhen integrated predicts fric-
tion factor results consistent with the maximum drag reductign data of
Seyexr and HMetzner.

As Kumor and Sylvester (1973) point out, thc'displacement nodaels
should be considered low drag reduction models because resulis from high
drag reduction expériments indicate an increasc in slope of the velocity
profile in the turbulent core region, and therefore a decrecase in the
mixing length constant. This would therefore negate the hypothesis that
the law~of-the-wall is shifted upwards, but paraliel to, the Newtonian
curve.

Iunley (1967) is among those who suggest that molecular extension
and molecular entanglement resist the formation of the streawwise vor-
tices as well as absorbing cnergy from the turbulent eddies. Gadd (1969)

and valsh (1987) hypothesize that turbulence dissipation is not the mech-
anism involved in dray reduction, but réthcr, that a resulting réduction
in the gencration of turbulence is responsible.

To date tha only studies that have specifically investigated the

wall-region in drag rzducing flows have been those by Fckelman, Fortuna,

and Hauratty (1972) and honohue, Tiederman, and Reischman {1972).
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Eckelman et al. used electirochaimical techniques to show that the addition
of drag-reducing polymers caused an increase in the average wavelength
of flow oriented eddics close to the wall. Their model, howevﬁr, aid
not allow foxr changes in the burst rate of low momentum ;treuks (%Hllwaxrth
and Lu, 1972, among others, have shown that in Newtonian flows the cycle
of turbulence production includes large-scale inrushes or gwoeps as woell
as outward bursting of fluid in the near-wall-~region). Donohue ¢t al.,
on the otlier hand, analyzed mobtion pictures wh@ch showed that, for the
one polymer concentration used, there was a marked change in the struc-—
ture of the wall-region resulting in a decrease in the Quantity and iu-
tensity of the spatially averaged burst rate of the low speed streaks
and, therefore, an apparent change in the turbulence production process.
Whatever the model, the mechanisn of drag reduction is dependent
on nmany coupled and non-linear phenomena in the polymer~solvent.system,
thus complicating any testing procedure. It strongly depends o; the poly-
mexr concentration in that not only the viscosity of the systoem increases
but the probability of entanglements of polymer chains also increases
with increasing concentration. There is even strong indi;ation that drag
reduction exists in the limit oi infinite Jdilution (sece Huang, 1974).
The concentration of the higher molecular weight matc%ials present in
the molecular weight distribution influences, among other things, the
degradation characteristics of a particular polymer flow. As Sylvester
and Kumor {(1973) note, the rate of degradation increas=zs with polymer
molecule size. Degradation can occur by both chemical and mechanical
means, the analysis of vhich is complicated by the polymer-solvent sys—
tem being used. Ignoring these effects could cause erroxs in the inter-

pretation of experimental results. The dimensions of the flow apparatus

J
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and the turbulent flow time are also factors to be cogsidcrcd as it is
the shear field wvhich controls the hydredynanic forces on the polymer
chains and therefoxe; the vate of degradation. The polymur and solvent
mixing procedure is also euxtremely importunt. Carcful «nd controlled
methods for mixing and transferring batches of polymer solutions are
essential.

There have been various conventional techniques used in making
measurements in polymer flows, but most of the resultis have been incon-
clusive due probably to the effect of the additives upon thé measuring

instruments used, as shown by Freihe and Schwarz (1969) to be the case

for hot films and Pitot tubes.

In the case of Pitot tubes, it is shown by Berman et al. (1973},
for example, that the polymer terminal relaxation time, the flﬁid velo-
city and the Pitot tube diameter affect the measurements. Hot film
anemometers, on the other hand, have different heat transfer character-
istics in polymer solutions as compared to Qater and therefore cannot be
calibrated using the usual heat transfer laws. They also suffer from
a build-up of polymaxr on the film.

The successlul techniques so far used for point measurementg of the
velocity lhave either been by flow visualization with dyc or bubbles or
by laser velocimeters. The flow visualization methods allow a good qual- QF
itative picture of the flow, But‘quantitative measurements are extremely
difficult to obtain, as well as being very tedious and time-consuming.

The results, at most, offer only a limited amount of the information nor-
mally of intcrest in turbulent studies. See, for exawple, Scycr and

Metzner (1969).
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Over the past ten years, since Yeh and Cummniungs (1804) demonstratad
that fluid velocities could be measurced by means of the Doppycr shi{ted
radiation of nonochromatic light scattered off of partiglcs in the fluid,
the laser Doppler velocimeter (LDV) has bhoen increasingly used for such
measurenents. In particular, it is ideally suitaed Lo polywsr flow sbtu-
dies as it provides a direct measurcwent of the flow characteristics in-
dependent of the physical properties of the fluid. 7“he light bheans do
not disturb the flow and it is only necessary that the fluid be trang-

parent and contain a sufficient quantity of small flow-following scattexr-

ing particles.
Application of the LDV to measuremencs in a polymer-flow have becn

attempted. The works of Chung and Graebel (1969) and Guenterberg (1972)

reported measurements of velocity profiles and axial turbulence intensi-

ties in a pipe flow. Kumor ard Sylvester (1973) used an LDV system to

study the effects of degradation of polymer solutions eca the mean veloc-
ity and axial turbulence intensities in the turbulent boundary layer of
a submerged flat plate in a water tunnel. Rudd (1972) measured both the
mean axial profile and axial intensity across a sguare pipe with one
polymer concentration.

The most difficult aspect of the LDV has been the processing of
the signals obtained from the photodctector which detects tho Dopplex
shifted frequency of the laser beam. Work on the development of proccss—
ing systems has recently received a great deal of attention. In early
measurements, a spectrum analyzer was uscd allowing the experimenter to
obtain information on the mean Doppler froeguency and mcan sguare and

higher order statistical correlations. This technique has, however,

some limitations. A complete spectrum analysis of each data point is
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necessary requiring long test runs. bub more significant is thal by
operating in the frequency domain, the time history of the signal is lost,
thus preventing the obtaining of instantancous values, an arca of parki-

< cular interest when the simultancous analysis of two orx morce velocity
components is desired.

With the ¥¥ portion of the signal carrying all thoe infomaation of
interest, the wave analyzer has been supplanted by signal processing
techniques in which the frequency signals are autowatically followed by
frequency trackers. Rapid developrents in monolithic circuitry have had
a strong effect on the ever-changing state of the art of lasér velocimeter
signal processing systems, Digital systems, using an arrangement of fre-
quency counters, digital logic and digital computer, are being increas—
ingly used. They offer better accuracy than frequency trackers in many

applications., See, for example, the Proceedings of the Second Inter—

yon

national Workshop on Lascr Velocimetry, edited by Stevenson and Thompson,

(1974) .

o 'Wl‘ll:‘_“-’:!lzlﬂ'-"

Assessing the present state of laser Doppler velocimetry, it is of
particular significance to note the chservations made by Durst-et al.
(1972). vThey note, for example, the extremely small number of reported

measuremants of fluid-dynamic significance made to date with an LDV sys-

P e e e L
R T e

. tem with which, exempiting the work by Dunning and Berwan {1573}, not
even satisfactoxy spectral measurements have been made. They remark that
this undoubtedly stems, in part, from the multi-disciplinary nature of
the subject, wvhich requires a knowledge of optics, electronics, data pro-
cessing and fluid dynamics. A review of the LDV literature bears this

fg out where there are sometimes two or three authors for a paper each con-

I L tributing his particular expertise. There is much to be said for a team




effori 3f some cloment of success is to Lo expoectled.

It is clear that an important step in getting reliable and signi-
Licant data vyests in knowing the capabilitics and porformance characlter--
istics of the measuring system. Therefore, in the presceal work an attompt
was nade in evaluating the available LDV systein in oxrdec to wssess its
xeliability and accuracy.

With this evaluation, the TDV system was then used to extend the
" knowledge of turbulent drag reducing {lows. Therce werce two goals. Firstk,
polyner degradation in a low polymer concentration pipe flow with an in-
line centrifugal pump was documented. 'This is not known to have previously
been done. Secondly, mean velocity profile measurements were made of some
of these flows with fresh, undegraded polymer. Particular interest wvas
centered on the near-wall-region. This, as has been noted, is the region
vhere the p&lymer—furbulence interaction is known to occur. whiic scveral
studies have made velocity profile measurements this is {he first tiwe
that a series of low concentration pipe flows have been studied using an
1DV system. Details of these results are presented in Chaptex V.

Basic informaticn on the Ilow system used is prescenied in Chapter
II. As the procedure for polvmer preparation can affcct the exparimen-—
tal results, a detailed description of the method employed is given to-
gether with an outline of the way the dissolved polymer was injected into
the flow system. This is followed by a brief description of scattering
particle considerations with sume observations using different scattering
elements.

In Chapter IIT a detailed critique of the optic system used is given.
Although results have been published using this system (Guenterberg, 1972),

it has never been analyzed. Discussion on signal-to-noise end broadening
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are included since they arce affected by the oplical compoents and opli-
cal ode employced. Thoe test voluwe size is caleulated from transeitting
and receiving optics considerations. 1Its dimensions specily the gpatial
and freguoncy resolution possible with the LDV systewm and deternine the
average nuvber of particles in the test volume at any instunt.

The crucial factor in extracting rcal tiwre velocity informution
from the photodetector lies ia the capabilities of the elackronic pro-
cessing eojguipnent. The present experiments wzre carriced out with a
phase-locked loop frequency tracker originally built by Elcctronetics.
Due to constant breakdown of some components as well asvhaviég the orig-
inal goal of taking two-component data with iwo, identically performing
units, much time and effort was spent in matching cowponeuts of two oxig-
inally mismatched and failurc-prone units. This endeavor Las resulied
in only <ne unit fuhctioning to fair satisfaction. Chapter IV describes
in detail this frequoncy trackzr. A critical analysis of its ability to
give accurate velocity information is also piresented. Neithor a detailed
description nor en analysis of this frequency tracker's capabilities had

previously been attemptsd.

ol s Dl A e A et - e S U IR,



et s R B

- -

CHAVTER XI

THE FLOW SYSTEM

General Description

Ln b S MR | vk

The general layout of the closed-loop flow system used is illus-
trated in Figure 2.1. City water enters the system as indicated in the
figure, allowing the systom to be filled to a capacity of apbroximately

2385 liters. 7The large, glass-lined, tank conteins some 90% of the

stoxage capacity. The approximately 39.6 meters of 5.08 cm I.D. piping
is polyvinyl chloride (PVC) pipe with the exception of the vertical length
- 4

between the mixing tank (small tank) and the test scction which is made

[P RN

of brass. Thus, oxidation of the inner linings of the flow systen and
contamination of the fluid is ke¢pt to a mininum,

The system, once f£illed, and with the appropriate valves closed, is
driven by an American Marsh centrifugal pump rated at 567.1iters/minute

(30.5 meter head, 1750 rpm) and powered by a General Electric 220/440

Prow SERERR e —— el

volt, 7 1/2 HP A-C motor. ¥or a test condition of approximately 50,000

Reynolds number in the test section, this implics a relatively low utili-

(e,

- zation factor for the pump, thus gausing some concern for the possible
polymer degradation effects. This will be discusseé in a later section.
The flow rate is monitored by a Potter turbine flow meter upstream

of the test section, vhose signal is amplified and counted on a digital

counter. Large velocity adjustments can be made by opening or closing
the globe valve upstream of the test section whilc_finer adjustments are

made by means of an electric motor with a remote control built into the




10

R e T——
!

V Fledtrically
Q§ controiled

Tl valve
_@ 3
3 ]/—[ﬁ ‘
9 | : 2nd floor i

Centrifugal Pamp

From city

Lot

water

Flow )
meter

k

SR o
———r.

/// S

Enclosed Area

i

-
=3
0
3
-~

ey i, s

lst floor

FIGURE 2.1

. ’ ’

FLOW SYSTE!M %
1

K




pw) bypass valve. For a Reynolds nwaber of 50,000, it takes an average
of approximately 20 minutes for the fluid to wmake one complete pasus

through the system. Roeynolds maebexrs of at least 100,000 arxe possibleod

o

The pressure drop is wmecasured by an ITT Bartoa 0-0.105 kg/cmz
differential pressure cell with a dial indicator. Instantancous readings
are abtained threugh a potenticometer bullt into the dial indicaltox.
Sidewall pressure taps some 362 cm apart are located below the small scet-
tling tank and upstrear of the test section. The first preszsure tap is
some 51 diameters below the tank exit.

The small, epoxy-lined tank, just upstreawm of the tcsh.section,
serves in straightening out the flow as it contains a 15.2 cm high, 1.27 3
cm diameter honeycomb mesh., A fresh concentration of polymer solution §
is injected through the top of the tank so it also scrves as a mixing
xesexrvoir for the w;ter and polymetr. The fluid passes through approxi-

mately 6.1 meters of straight 5.08 cm diameter smoobth pipe before enboer-

ing the Plexiglas test scoction cnsuring that the flow is well-defined
and that effects due to entrance, turns, etc. are negligible.

A Weiss angle-stem thermometer was inserted into the wall of the

e Apnant, ekt

PVC pipe some 270 cm downstream of the test section. Continual monitor~

it s

ing of the flow temparature was necessary since the kinceatic viscosity

1

. is quite sensitive to temperature. The centrifugal pump gradually heated

the watex.

Polymer Preparation and Injection

The polymer powder used during these experiments (January - April,
1974) was Separan AP-30 (dated June, 1973) a polyacrylamide manufactured
by Dow Cheomical Company with an average molecular veight of (2-3) x 106.

It is a good drag reducing agent and is less susceptible to shear
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Gegradation than polycethylenes like POLYOX W3R-30L, as sbown, for cnample,
by Bllis and Ting (1972).
As it takes a cousiderable arount of time Lor the polymer o cow-
M pletely dissolve in water (Chung and Graebel, 1969), master batches of

completely digssolved Lul large concentratious of polyner wece proparcod.

bl uth BEte o £ &

The mastexr batch was then slightly dilated, to allow it to be pumped
easily into the flow system Lhrough a 10 mm cirxcular opening at the top

of the small tank, utilizing a variable speed, Masterflex tubing punmp.

As mentioned in the previous section, the tank serves as a mixing reser-

voir for the injected polymer solution and the flowing wﬁtcr; with the i '
f
tubing pump speed adjusted to allow continuous, cven mixing of the poly- ;

’ mer solution in the £ ow gystem. 173
. Velocity v-ufiles were obtainaed by injecting polymer.concentrations 1
i

of 10, 20, and 40 ppa {parts per million by welght). Largex conécntra—
tions wexe attempted bubt it was found that it was not possible to dis-
solve them in the flow before arrival at the test section. The design

of the flow system did not perxmit any alternate mixing procedurces to

be attempted without additional xisk of mechanical degradétion of the
polymer. Larger concentrations were used, however, for the degradation
studies.

. Relatively elemeantary techniques werxe used in the master batch pxe- 1
paration. Since the polymar is'hygroscopic, small ?uantities (approxi-

" mately 50 ml), at a time, of methanol, a non-solvent of Separan AP-30,

O v -

were placed in a beaker and some 10 grams of Separan AP-30 added to it.
while continuously agitating the baaker containing this slurry, small

amounts of it were gradually, but continuously, dispersed on the surface

1
of a large surface arca becaker containing approximately a liter of 3 ‘
)
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distilled water. This sccond beaker, in turn, wvas continuoasly butl slow-
ly stirrcd with a thin rod thus preventing to a siguificant degree clump-
ing of the polymer upon coptact with the water, as well as cohancing the
dispexsion and dissolving of the powder. The procaess was contiuued with
fresh distilled water and additional slurry wntil the prescribed quantioy
of polymer for a 10, 20, 40 ctc. ppm run was completely disusolved. It
was possible, for example, te ¢got a 40 ppm quantity of polyirex (96 arams)
dissolved into 30 liters of mzthanol and water solutien, implying a batch
concentration around 3200 ppm. It was found that in ailowing this batch
to sit for less than a day, the polymer not only became compietcly dis—~
solved bgﬁ the small air bubbles that werc put into solution dﬁring the
mixing process gradually came out of solution.

As city water was used in the flow systen, there was a possible
degradation effect of the chlorination on smoll concentrations of poly-
mex. Thus, 18 grams of sodium thiosullate (Na25203) werce dissolved and
routinely added to the flow system as a dechlorinator several hours bLo-

fore running tests.

Scattering Particle Considurations

Th2 inf'uence of the scattering particles on the guality of signal
obtained from the lasex velocimeter is extremely lmportant. The signal
contains both amplitude and {requency modulation as. well as wide band
noise but the only information of interest is the Fﬁ component. ‘Thc
depth of this modulation is influenced by the scattering particle size
and concentration as well as the bcam alignment and the relative bpam
intensities. But, as Durst et al. {1972) indicate, there iz little pub-
lished information relating specifically to the prescnce of particles in

the fluid.

LA O U e e
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In the present experiments it was observed by looking at the quol-
ity of the wodulated and dewodulated Doppler signral on an oszcilloscope,
that the water macuraily contained an ample concentration of guspaonded
particles (also observed to bo the case by Durst et al. 1972, anong
others). The addition of milk and Styrene/Butadiene latex particles
was tried as additional scattering agents in order to detexnmine whether
they improved the nodulated and demodulated signals obtained from the
naturally seeded water. A 5 - 107 particlcs/cm3 {average particle size
of 0.3 ym) concentration of homogenized milk, suggested by Geoxrge and
Lumley (1973) as providing an excellent signal-to-noise ratio, was uscd.
De:cyite the high scattering qualities observed, the presence of the rdlk
produced no noticeable changes in the signals. Similar to Guenterberg

(1972), a concentration of 2 ° 10—3% (average particle size of 0.1985 jim)

of latex particles was also used. Again, no observable diffcrences in

the modulated and demodulated signals were noted. This observation de-

cided against its use (also, it night be noted that the latex has a pro-
hibitively high commercial cost and to make it from xaw styrene is a
sensitive procedure).

In a recent rcport by Keller et al. (1974) the nucleus spectrum
{(particle and bubble content) of the watcr that was used in the present
experiments was presented. The technique used in measuring these nucled
utilized the optical behavicr of the nuclei for their recording. It
was limited to sensing nuclei of 6 ln didmeter and above, dug to elec-
tronic limitatiorns present in the recoxding system. More recent and as
yet unpublished data for the untrecated tap water has allowéd, however,

extrapolation down to 1 }im resulting in a minimua possible number of

nuclei of 104,922 particles/cm3 ranging from 1-10 lm in diamster. As
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noted in the chapter oen the optical systan, the results idiicate the

™Y

existence of sufficient scattering elements in spite of the size measur-

. ing limitaticns. As there is a most probably higher concentration of

even smaller scattering particles, these must be included in the total

concentration which is responsible for the observed Doppler signal

quality.
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CHAPTER III

THE OPTICAL SYSTEN

Description of Optical System

The optical layout used was of the ‘refercnce beam® or ‘local oscil-
lator heterodyning' mode originally employed by Yeh and Cumnins (1564)
and subsequently by numerous investigators. In this cohfigu;ation,
{Figure 3.1), the reference beam is directed onto a photocathode, in this
case a photomultiplier, where it beats with light scaltered from a stron-
ger beam {called the inc¢ident beam) by particles assumed moving with the
flow. The light scattered from the natural contaminants in the Qater is
Doppler shifted by an amount fD(t) so that the beating on the photocathode

takes place between the reference beam frequency, f£,., and the frequency

0

of the scattered light fs(t) = fo(t) + fD(t), resulting in a photomulti-

plier output voltage whose frequency is the instantanecous Doppler fregquency.
The equation xelating the measured frequency shift in xadiation,

fD(t), to the instantaneous velocity V(t) can be derived by considering

the Doppler shift of scattered light that occurs. The cquation takes the

form

= 2 in & -
fD(t) = 3 v({t) sin 5 {3.1)

where X is the wavelength of the laser light in air, ¢ is the angle be-
tween the reference and incident beams, i.e. the scattering angle, and
v{t) is the particle velocity in the direction perpendicular to the bisce-

tor of the reference and incident beams.
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An alternate and yet perfectly equivalent way of describing the
heterodyning effect might be easier to understand (sce Rudd,lQGQ). The
two beans (incident and refercnce) intexsecting at point 0 in Figare 3.1
could be thought of as forming a sct of virtual fringes vhere they over-
lap. As a particle crosses these fringes it blocks off a varying amount é
of light and it is the variation in intensity of this transmitted light
that is observed on the photomyltiplier.

This fringe model is normally used to describe the othex widely
used optical arrangement originally proposed by Rudd (2961 énd known as ;
the dual-scatter mode. In this mode {see Figure 3.2) two incident bgams,
of equal intensity, are made to intersect and produce a real fringe sys-
tem as a test volume. There is no reference besam. Instead, scatterxed
light from particles crossing the fringes causes, as in the iriﬁge descrip-
tion of the referenée beam mode, a rise and fall of the lighl intensity
arriving at the photodetector at a rate (Doppler frequency} proportional
to the velocity at the test point. A discussion of the relative merits of
the two optical modes in their application to the present. experimental
effort will be given in the section on signal-to-noisc and broadening.

As noted by Jackson and Paul (1871}, the laser ancmometer offers,
in contrast to a hot wire anemometer, a linear response betwzen the velo-
-city and the Doppler frequency measured. It requires no calibration duc
to the absolute characteristics of the variables in equation (3.1) for a
given fluid medium.

In the experiments described here, a two-component optical geometry
was employeq a2s illustrated in Figure 3.3. The cohereanl light source was
a 5 mi¥ Spectra Physics helium-neon laser of 6328A°. RBeam splitters BS

1

(25% reflection) mounted at 45° to the horizontal,

{(10% reflection) and Bsz
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serve in splitting the 1.5 mn diameter loser lewa into Lwo reference beams

and an incident beam. Magnotically wounted mirrors I and M2 can be ad-

1
justed tc allow the three beawms to intersect in a vertical plauc at a
point 0 within the test section. The angle between the incident beam and
each onc of the reference beams was adjusted to 10° 40" within an cercr

of 20' of a degrece. fThis was the same margin of error obtained in align-
ing the three beams in a vertical plane thwough thelr xespective lenscs
and thea through the centerline of the 2" I.D. Plesiglas test section
{index of refraction 1.5). The transmitting leuses Ll' LZ’ and L3

(16 mm DIA, 124 mm focal length, achromatic) are movnted andlaligned to
focus om the test point. The interscction of each of the reference

beams with the incident beam forms what is known as the measucing or test
volume for that particular reference beam. Undcer propac alignment; this
intersection is assumed to form approximately the same volume.in'space for
each of the reference beams. The resulting optical geometry provides a
method for obtaining the axial and radlal componenis of velocity. A one

component setup can be obtained by replazing IS, with a mirror.

2 H
To obtain measurements across the test section, point 0, the test

point, was moved relative to the test section. this was done by turning
the spring-loaded screw shown in Figure 3.3. This caused the entire opti-
cal systcem, and therefore the test point, to be moved as a unit since all
optical components, with the cxccgtion of the test section, were rigidly
mounted on the reference plate which in turn was fastened to the granite
table. After accurate angular and vertical alignment of the beams through
the centerline of the test section, translations of the granite table

{and thcrefore the test point) could be determined within .025 ma by a

dial indicator mounted at the end of the table.

e
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Figure 3.4 indicates the layout of the optical xecciver for one of

the two identical chaunels. After passing through point 0, the refcerence

beam must pass through a pair of apertures and lenses and a pinhole be-
fore striking the photocathede surface.

This is a crucial optical alignment. As indicated by Mazwsdee and
Wankun (1970) and George and Lanley (1.972), the‘instcumcntal broadening
{frequency sprecad) of the signal arriving at the photocathode is dixectly
related to the area of the optical receiver. " This will bhe discussed in
the section on signal-to-noise and broadening.

The pinhole-lens combination vas designed with the intention of pro-

jecting a real, inverted image of the test point, 0, on the photomultiplier

tube. fThe portion of the reference beam which does not intersect the scat-

AL T

tered radiation, from the test point, onto Lhe photocathode surféce. in-
duces shot noise without an increase in signal strength. ‘The pinholc was
placed at the focal distance of the two receiving lenses for the purpose
of blocking the unwanted porticn of the reference beam (the portion with
amplitude less than 1/e2 of its peak intensity is usually considered

“unwanted") as well as any stray licht from particles outside the test

volume. This allows only the small portion of Doppler scattered radia-
tion, colinear with the remaining part of the reference beam, to pass to
- the rear lens and to be then focused on the photomultipliecr.

Use of the rear lens in focusing the beam to-a life size image of

the test volume diameter has no apparent advantages. There appear to be,

however, some disadvantages. There is a signal intensity loss of approx-

imately 4% for each of the two lens surfaces as well as the additional

T T
il o

potential pfoblem of flare caused by the lens.

The front adjustable apertuve was useful in aligning the instrument

o W EPEN T WY
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and prevented some of the unwanted light frowm extrancous soucces frow on-

tering the xeceiving optics housing. It was maintained in its maximum

AN I DS SR

diameter position of 11.9 mn in order to miniwmize broadening of thce light

beam arxiving at the pinhole., The recar aperture sexved no apparenbk pur-

LPIORIASEY. .

pose and was left in an open position. An irprovament on thz receiving

optics design might include removal of the rear lens and aporture.

All the receiving optics components were arranged into a semi-
integrated package by being placed into a light-scaled, rigid housing in
which relative locations of individual components remained fized. the

’ fine alignment and focusing of all beams onto the test volume and then

through the receiving optics housing was not, however, the casiest due

. to the individual adjustments that had to be made on the transmitting
lenses and beam splitters before aligning the beans throug@ the optical
receiver housing. There is much to be said for an intcgrated-optical
system (see for example Durst and Whitelaw, 1973) which provides the pos-

sibility of accurate alignment in at least one optical mode with a wini-

N »m“w.m“.- .
- . .

mum of adjustments. This also assures a ninimum of signal broadening

due to possible misalignments.

All internal swurfaces of the receiving optics were chémically black-

ened to minimize any possible incidence of stray light. All reflecting

‘surfaces of the optical bench were painted with ultra-flat black.

Lot ind ~ ShrraltN

A detailed description of the mounting of the.optical components

can be found in Guenterberg (1972).

Test Volume Size
The test volume is the region from which the Doppler radiation in-

formation originates. A luok at the volume size and its implications is

therefore a necessity since its dimensions specify the sput.ial resolution




characteoristics of the particular velocimeler sysitem boelng used.

As George (1972) quite clearly points out, the LDV responds to a
particle averaged velocity and not the Eulexian velocity that.might be
measured by a fixed probe like a hot wire. This iwmplies that in order fox
the average particle velocity to be interpreted-as the avecage Fulexrian
velocity over the test volume, thore must be a length criterion such that
the time a particle spends in the test volume is short compared to the
evolution time of the turbulence. Therefore, -the largest dimension of
the test volume must be much swmaller than the scale of turbulence inhomo—
geneity. This is also the case in considering velocity flucéuations.

The size of this volume depends on both the transmitting and receiv-
ing optics. Formally, it can be defined as-the region in space within
which the Doppler signal amplitude is at least exp (~2) = 0.135 of its
peak value, where the peak signal amplitude occurs as a scatté#iﬁg parti-
cle passes through the géometrical center of the crossover region formed
by the transmitting optics (Brayton and Goethert, 1971). Buat this defincd
volume is not necessarily the effective scattering region because the re-
ceiving optics may not be looking at the samz volume. further analysis
must be considercd.

If the intersection of the two reference beams is considered to
form the test volume, with the scattering beam aligned in its appropriate
position, the volume, approximated by an ellipsoid; can be calculated by

the formula (Mazumder et al., 1972),

-.2. 3. 1 1 |
V=3 (@) in 29 * 2 %an 20

i (3.2)

where DT is the Airy disk diameter of one of the three transmitting lenses

of focal length fl,
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2.44 .'Afl

T &

{3.3)

and where a is the diameter of the transmitting aperturce which in the
present case is taken to be the exp j—2) beam intensity digmetcr of the
monochromatic, coherent light of the laser and A is its wavelengthi. Cal-
culation shows that the test volume defined by the transmitting optics
is 0.0051 rum’.

The cffective scattering region of this test volume is the poxtion
of the above defined volume intersected by thé ficld of the recelving op-
tics. The effective diameter of this region has an upper 1iﬁit specified

by the transmitting optics and a lower limit set by the diffraction limit

. of the receiving optics.

AN At NI A QTR  SSES DTN, -, . RS

In order to make this effective volume as small as possible, the

imaging optics should have a minimum of spherical aberxations. This isg

clearly the case when using plano-convex lenses foxr the receiving optics

vwhere the convex surface is facing the incident radiation. With a mini-

mum of the optical surface of these lenses being used (in the present

P L RO« I . | USRS MRS S0

?1’-!1":'SAl"-‘\f‘?}wﬂ':ll‘sl-’f'-!‘,ﬂ'h,‘rd;-{:ﬂn: %! . - . . e T

case specified by the front receiving apexture diameter), it can be shovn,

usihg third order theory (Jenkins and White, 1957), that the image defects

. AL

LA BT

are at 2 minimum. In fact, for the existing optics, caleulations indicate

- R

. a lateral spherical aberration of 0.83 lim.

Considering diffraction limited optics in assessing the resolving

N At TARER

power of the receiving optics, Airy's disk formula, eguation (3.3) was

.
- AR

used with £ as the focal length of one of the receiving lenses and a

R

the effective diameter of the lens, which in this case is closely approx-~

Jria

imated by the minimum aperture opening. This gave a disk diameter of

48 um and therefore the lower limit to the effective volume diameter.

Mo n b Salt

b, -
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“his is, thorefore, the swallest length that can be resolved in the mean
flow dircction.

With a magnification of the test volume on the image plsnu ol the
pinhole of approximately 0.28, this would indicale that for a disk dia-
metexr of the test volume (specified by the transmitling oplics) of
approximately 0.124 mm, the pinhole aperture woﬁld have to be no wmore
than 0.034 mm in diamater. As the pinhole is approximaetely 0.20 mm in
diameter, the effective test volumz diameter seen by the photomuliiplier
is no less than that defined by the transmitting optics, nawely, 0.124 .
This implies that some unwanted light oxiginating outsiae tﬁé test volume
diameter is allowed to pass through to the photomultiplier resulting in
a decrease in signal-to-noise. The pinhole with its present location
and size acts as no more than a baffle to unwanted light outside this
“*enlarged' test voluma.

Assuming diffraction limited optics, the effective length AY of
the test volume in the radial direction of the pipe (see for example,

Brayton et al., 1972) is approximated by the formula,

L —
By = TAd sin ¢

where A¢ is the angle of convergence of the incident beam focused by the
transmitting lenses and ¢, as before, is the angle subtended by the xef-
erence and incident beams. This gives a radial dimension for the effec-
tive test volume of 0.8£9 mm which.is not influenced by the receiving
optics.

with the effective test volume known, an astimate of the number of
scattering particles in the test volume at any time could be wmade.
Table 3.1 shows the results. As was noted in the section ¢on scattering.

particle considerations, the rxesults of Keller et al. (1974) and more xo-
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cent unpublished data vere limited to measurcnents of scatlering elawents

of 5 jim in diameter and above. By extrapolation, this can be extended

Sh R RN TR

down to 1 um. Naturally, there are smaller bubbles and particles in the
. wvater with a most probably higher concentration than thoge within the

range measured. A rough calculation can show that ihis distxribution of
smaller scattering elements would not xresult in more than approximately
one element in the test volume at a time resulting in sufficient Rayleigh "
scattexing to warrant not adding any new particles.

Of particular importance to the electrxonic proéessing systen, and
therefore the experimental results, is the frequency reéolution possible

with the optical configuration used. The frequency window of the test

volume can be determined with knowledge of the dimensions of the pipe and
. test volume. For example, with the characteristic mean velocity E}t) at

the centerline of the pipe of 1 m/sec and with a pipe diameter of 5.08 cm

*'?‘mw-n‘mhl

and a test volume characteristic length of 0.69 mm, the frequency window

()

can be estimated to be between 20 and 1450 HZ where f = I,

¢ b being the

AT R e e

length scale. Further reference to the frequency resolution will be madc

in the following sections.

Signal-to-Noise and Broadening Considerations

The two most imporktant parameters governing the sensitivity of an

instrunent are its signal-to-noise ratic and its frequency response. With

bt ook L

the LDV instrument package, the sénsitivity of the electro—optical compo-

[N R

nents offers a good indication as to the requirements placed on the elec-
tronic system which, with some degree of accuracy, is to process the trarns-
mitted signals.,

Since from eguation (3.1) the wavevectors are determined by the

PRy

wavelength of the radiation and the geomestry of the flow-measuring instru-



ment, measurement of the frequency shift should, in theoxy, lead to a pre-
cise measurement of the fluid velocity. lNowever, in practice, there axe
a nunbex of effects which cause the signal to be broadencd. This is also
referxed to in the literature as Doppler ambiguity, an analysis of which
will give some estimates as to the spatial resolution of the system.

The principle ambiguity is a resull of the finite residence time of

the scattering particles in the test volume. The arcival of the scatter-

ing particles at arbitrary times gives rxise to random fluctuations in the
phase of the Doppler signal. BAs Edvards et al. (1971) dem&nstrate, this
is eguivalent to the degree of uncertainty in the incidént SQa scattexed
vectors as determined from optical considerations. This results in a

broadening of the frequency spectra.

An estimate of transit time broadening in the present optical con-

b

figuration can be made assuming for the moment, axial, laminar flow while

looking at just the optical receiver. Differentiation of eguation (3.1)

[T S

gives

9f_ (%) )
2 .
—’Ia??p—_ = —X- v{t) COS(!) . (3.4)

Now, referring to Figure 3.4, if R is the distance from the front aper-

ture of the optical receiver to the measuring point (taken at the center-

QAT N SR L <

line of the pipe) and if x is taken as the minimum front aperture radius,
the incremental angular uncertainty, A9, can be written as

8y = 2=

[ e

[

The transit time broadening Gue to the finite aperture in the light col-

lecting system is, therefore,

afD 4r i
Afa = 56_-A¢ = Xi-V(t) cosd . (3.5)
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shis gives an awbiguity of approximately 23.7 Kiid. Vor a typical nean
Doppler freyuency of 300 KHZ at a Reynolds number of 50,000, this means
that there is an estimated 8% broadening in the mean Doppler ;ignal re~
ceived by Llhe processing circuit. The 20 minutes of a dcérce nisalignment
in the incident and reference beamsg is of negligible impoxtance.

Broadening can also arise from the vclocity gradients within the
measuring volume, from turbulence intensity broadening, the Gaussian in-
tensity distribution across a laser beam, the.signal processing eguipment,
as well as from other normally minor scurces. These'haye not been esti-
mated for the present system and are more readily obtéiﬁed aﬁd analyzed
by spectrum analysis of some real signals (see, for example, Roberts,

1974 and Geoxge, 1974). Whexe they cannot be eliminated from the signal
they must be corrected for in the processing circuit.

It is clear f#om the above analysis of transit time broé@eﬁinq that
in oxder to avoid frequency ambiguity it is necessary that scattered light
be received from an extremely small solid angle. In the dual-scatter mode,
there is no such limiting reguirement. As seen in Figure 3.2, the scat-
tered radiation from the flow particles directly generates the desired,
heterodyned signal. The difference frequency can be shown to be the same
at all points in the scattered lobe and is independent of the scattering
angle or the spatial resolution and area of the receiving aperture. This
implies that there is no signal broadening due to the receiving uperture.
There is, as in the reference beam mode, transmission aperture broadening
but Mazumder and Wankum (1970) demonstrate that for the dual-scatter mode
it is quite small as well as béing independent of the receiving apertare

diameter.

Since the Doppler frequency is independent of the viewing angle in

g —
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the dual-scatter mode, anothex significant advantage of the dual-scatter

configuration is that more scattered light can be focused on the photo-

cathode than is possible with the reference beam wode. Therxcfore, the

signal~to-noise ratio (S/N)} is greatly enhanced. Drain {1972) anil Mazum-
dex and Wankﬁm (1970) have calculated S/N as a function of deteckor apex-
ture for both optical modes. A figure by Drain (1972), reproduced in
Figuie 3.5 is particularly informative.

In this figure it is assumed that noise -arises only from the phioto-

detector surface. A relative signal-to-noise ratio (assuming the mean

'
I
i
i
i

scattering power of the fluid is constant) is plotted versus the coher—
ence factor O (aperture radius/coherence radius), where Ne is the mean
nunber of particles present at one time in the test volume and where the
. cohexence radius is approximated by the dimension of the test volume in
the flow direction.. For the reference beam mode it is seen, for example,

that if Ne is assumed to be large, the S/N ratio approaches a limiting

value of approximately twice that of the dual-scatter mode. The S/N

%{ depends on the amount of light scattered and not on Ne' but as has al-
%:. ready been discussed and is not obvious from this curve, frequency broad-
é{ ening is not independent of the aperture. . |
%j In the present reference beam configuration the coherence factor
%} . for the minimum receiving aperture possible is approximately 3.0. From

. the calculated number of sc:*tering elements in the test volume (=1) it
£ i is quite clear, looking at Figure 3.5, that the dual-scatter mode will
| offer an increase in S/N. This result, combined with broadening consid-
2 .
i'. _ erations, indicates that the dual-scatter mode is more appropriate for

the present application.

Despite the possible advantages to modifying the present optic
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